Introduction
Genetic cerebellar ataxias are a group of disabling disorders that share progressive incoordination of 4 8 movement due to dysfunction and degeneration of the cerebellum as their main hallmark 1 . The 1 0 2
We used the PIE algorithm to account for biases in the number of reported protein interactions for 1 0 3 disease-associated genes in the generated reference PPI network 12 . PIE scores and associated p- values were calculated against 10,000 random protein groups obtained by number-matched sub-1 0 5 samplings selected from the reference PPI network for all four ataxia gene categories, as previously The publically available developmental transcriptome RNA sequencing (RNA seq) data from the 1 0 9
Human BrainSpan atlas was used for ataxia gene expression analysis. BrainSpan provides RNA seq 1 1 0 count data represented as reads per kilobase per million mapped reads (RPKM) of 11 targeted 1 1 1 neocortical human brain regions and 5 targeted non-neocortical brain regions. Details on samples, Bioconductor, were used to identify the differentially expressed genes between the 16 brain regions We generated a manually curated systematic catalogue of 103 disorders consistently associated with 1 2 7 progressive cerebellar ataxia, corresponding to 71 annotated protein-coding genes ( Genes involved in ataxia function in common biological processes 1 3 8
Differences in the type of mutations and phenotypes between recessive and dominant ataxias suggest mitochondrion (p=0.025) (Fig 1A) . Dominant ataxia genes were significantly enriched for nuclear 1 4 5 matrix (p=0.023), somatodendritic compartment (p=0.008) and dendrite (p=0.009) (Fig 1B) . Ataxia body (p=0.012) (Fig 1C) . Despite these differences, the shared clinical hallmarks of genetic ataxias 1 4 9
suggest that ataxia genes/proteins might affect common biological pathways or processes. To identify such common biological themes, we also analyzed the combined ataxia gene catalogue. We 1 5 1 found a significant enrichment for most of the GO terms revealed by the separate analyses of genes 1 5 2 underlying ataxia subtypes, including cellular response to stress (p=0.003) and DNA repair 1 5 3 (p=0.001) (recessive), dendrite (p=0.003) (dominant), and nuclear inclusion body (p=0.029) (PolyQ) 1 5 4 ( Fig 1D) . Interestingly, analysis of the contribution of recessive and dominantly inherited ataxia 1 5 5
genes to the identified GO terms revealed a shared contribution to nearly all processes (Fig 1D) ,
supporting an overlapping molecular pathology underlying both dominant and recessive ataxias. Moreover, several GO terms, such as those linked to calcium ion transmembrane transport highlighted if the analysis was applied to the complete catalogue of ataxia genes and might be more
representative of the shared hallmarks between recessive and dominant progressive cerebellar crucial to understand cellular function. We evaluated whether our catalogue of ataxia proteins shows 1 6 5 significant molecular connectivity. For this, we collected PPI data from three large databases and 1 6 6 combined these into a reference network (Fig 2A) . We found that 46 of the proteins physically interacted with other proteins present in the ataxia catalogue. Of these 46 proteins, 17 proteins were 1 6 8 connected in small modules (pairs, tri-and hexamers), whereas 29 proteins formed a single major 1 6 9 network with 30 interactions (Fig 2A) . Interestingly, within these modules and networks, proteins demonstrating a biological overlap regardless of inheritance type or mutational mechanism (Fig 2A   1  7  2 To assess the significance of the identified connectivity, PIE scores and associated p-values were calculated for all, and separately for recessive, dominant and polyQ ataxia proteins. This analysis revealed that ataxia proteins as a whole group interact 2-fold more than randomly expected 1 7 5 (P<0.001) (Fig 2B) . Recessive ataxia proteins interacted 2.1-fold more (p<0.001), dominant ataxia 1 7 6 proteins interacted 2.8-fold more (p<0.001), and polyQ-associated ataxia proteins interacted 3-fold 1 7 7 more (p<0.05) (Fig 2B) . Thus, ataxia proteins are significantly interconnected. Since interactions between proteins underlie biological processes and pathways, we 1 7 9
continued examining whether these represent specific biological processes. Individual small protein 1 8 0 modules were significantly enriched for processes such as calcium ion homeostasis (p=0.001) and potassium channel activity (p=0.007) (Fig 2A, left side) . The large module within the ataxia 1 8 4
interactome was significantly enriched for DNA repair (p=3.23e -5 ), cellular response to stress 1 8 5 (p=0.020), and nuclear inclusion body (p=0.001) (Fig 2A, right side) . Together, these results 1 8 6
illustrate that ataxia proteins function in common biological networks and processes. The basis for the preferential regional vulnerability of neurons in the cerebellum in genetic ataxias is 1 8 9 mostly unknown. Temporal and spatial patterns of ataxia gene expression in the brain may 1 9 0 significantly contribute to specific or preferential cerebellar degeneration when disturbed. To address 1 9 1 this, we turned to the publicly available BrainSpan Transcriptional Atlas of the Developing Human 1 9 2
Brain, as resource. After exclusion of low expressed genes, a transcription matrix of 16,956 genes 1 9 3
representing the 16 brain regions was left that was binned into nine different developmental stages 1 9 4 ( Fig 3A) . We then calculated for each of the 16,956 genes per developmental period whether it was 1 9 5 differentially expressed in the cerebellum, compared pairwise to any of the other 15 brain regions. From the resulting matrix, the ataxia genes were extracted and the percentage of ataxia genes 1 9 7
differentially expressed (adj. p<0.05) in the cerebellum compared to one or more other brain regions 1 9 8
was calculated and visualized in a heatmap (Fig 3B) . Of note, the expression levels of three ataxia 1 9 9 genes, TGM6, PIK3R5 and MTPAP, did not pass the threshold of very low expressed genes and were 2 0 0 therefore excluded from further analyses. The expression of most ataxia genes in the cerebellum was 2 0 1 not different from any of the other 15 brain regions. However, the vast majority of those ataxia genes 2 0 2 that did show differential expression to other brain regions, did so to all 15 of them. Their high 2 0 3 relative expression level was specific to the cerebellum, suggesting their distinct requirement in this 2 0 4 region of the brain. Interestingly, this pattern showed a sharp onset at birth, suggesting that these 2 0 5
genes serve cerebellar function specifically at postnatal stages (Fig 3B) .
0 6
Elevated cerebellar-specific expression predisposes to ataxia 2 0 7
We continued determining whether elevated relative expression in the cerebellum predisposes to 2 0 8 ataxia. To address this, we calculated whether the amount of ataxia genes that were specifically 2 0 9 elevated in the cerebellum for each developmental stage was higher than randomly expected, 2 1 0 considering the genome-wide frequency of cerebellar elevated genes. Ataxia genes were more 2 1 1 frequently elevated in the cerebellum during the postnatal stages 5-9 (infancy: p<0.001, early 2 1 2 childhood: p<0.001, late childhood: p<0.001 and teenager: p<0.01) than randomly expected (Fig   2  1  3   3C ). The following genes were specifically elevated in the cerebellum during one or more of the 2 1 4 analyzed developmental stages: ADCK3, ATM, ATN1, CACNA1A, DNMT1, GRID2, GRM1, ITPR1, 2 1 5 KCNC3, KCND3, SPTBN2, SYNE1 and TRPC3 (Table S1 ). To further examine whether a specific 2 1 6 mode of inheritance or mutational mechanism was underlying this group of genes, the analysis was 2 1 7 repeated for the recessive, dominant and polyQ ataxia gene categories. Also here, the expression of genes involved in either of these three categories was enriched in the cerebellum during postnatal 2 1 9 development stages (Fig 3D-F) , suggesting that all of them contribute to the finding of cerebellum- Finally, we asked whether the genes that were not specifically elevated in the cerebellum 2 2 2 during one of the nine developmental stages, were specifically elevated in one of the other 15 brain 2 2 3 regions. We found that a small group of ataxia genes was specifically elevated in either the thalamus 2 2 4 (GBA2, UCHL1, PRICKLE1 and ANO10) or striatum (CCDC88C and PDYN) during certain 2 2 5
developmental stages compared to rest of brain. Not a single ataxia gene was significantly elevated 2 2 6
in one of the remaining 13 specific brain regions. In summary, systematic analyses of brain expression across brain regions revealed that the driving the pathological features of these disorders. We next asked which functional biological modules are underlying the identified group of genes 2 3 3 with cerebellar-specific expression. GO term analysis was performed on the lists of ataxia genes that 2 3 4 showed enriched cerebellar expression during one or more of the developmental stages and ataxia 2 3 5 genes that did not (Table S1 ). This revealed that ataxia genes that were specifically elevated in the 2 3 6 cerebellum during one of the developmental stages were significantly enriched for neuronal and ion 2 3 7 related processes such as: neuron apoptotic process (p=0.046), hindbrain morphogenesis (p=0.008), transmembrane transporter activity (p=3.53e -4 ) (Fig 3G) . Ataxia genes that were not specifically 2 4 0 elevated in the cerebellum during one of the developmental stages were significantly enriched for 2 4 1 processes such as: DNA repair (p=0.004), cellular response to stress (p=0.023) and nuclear inclusion 2 4 2 body (p=0.035) (Fig 3G) . Finally, we also explored developmental expression profiles of ataxia genes in the cerebellum over biological processes during specific stages of development (Fig 4A, B) . We hierarchically clustered stages, which unbiasedly separated the genes in two distinct clusters (Fig 4B) . Genes present in 2 5 0 cluster 1 showed significant higher expression during prenatal stages compared to genes in cluster 2, 2 5 1 and genes present in cluster 2 showed significant higher expression during postnatal stages 2 5 2 compared to genes present in cluster 1 (Fig 4A) . Recessive, dominant and polyQ associated ataxia 2 5 3 genes contributed randomly to the two clusters (data not shown). However, genes expressed higher 2 5 4 during prenatal stages (cluster 1) were enriched for DNA repair (p=0.031), whereas genes with 2 5 5 higher postnatal expression (cluster 2) were enriched for processes related to the cellular component (p=0.042) (Fig 4C) . Ataxia genes can thus be distinguished based on their temporal expression 2 5 8 profiles in the cerebellum, which links to specific biological processes. We have here systematically mapped shared molecular pathways, processes and expression 2 6 1 characteristics among ataxia causing genes, to increase our understanding of the biology of genetic 2 6 2 ataxias and to identify mechanistic hubs that can serve as targets for therapeutic interventions. In do not show increased expression in the cerebellum. Of these 55 genes, 23 genes are linked to 5 0 5 cellular response to stress and 12 out of these 23 genes show increased expression during prenatal 5 0 6
cerebellar development compared to postnatal cerebellar development (data displayed in Fig 2-4) . 5 0 7
